The double helix is a ubiquitous feature of RNA molecules and provides a target for nucleases involved in RNA maturation and decay. Escherichia coli ribonuclease III participates in maturation and decay pathways by site-specifically cleaving double-helical structures in cellular and viral RNAs. The site of cleavage can determine RNA functional activity and half-life and is specified in part by local tertiary structure elements such as internal loops. The involvement of base pair sequence in determining cleavage sites is unclear, because RNase III can efficiently degrade polymeric double-stranded RNAs of low sequence complexity. An alignment of RNase III substrates revealed an exclusion of specific Watson-Crick bp sequences at defined positions relative to the cleavage site. Inclusion of these ''disfavored'' sequences in a model substrate strongly inhibited cleavage in vitro by interfering with RNase III binding. Substrate cleavage also was inhibited by a 3-bp sequence from the selenocysteine-accepting tRNA Sec , which acts as an antideterminant of EF-Tu binding to tRNA Sec . The inhibitory bp sequences, together with local tertiary structure, can confer site specificity to cleavage of cellular and viral substrates without constraining the degradative action of RNase III on polymeric double-stranded RNA. Base pair antideterminants also may protect doublehelical elements in other RNA molecules with essential functions.
RNA maturation and decay reactions involve site-specific cleavages carried out by a diverse ensemble of cellular ribonucleases. The site of cleavage can determine RNA half-life and functional activity and is established by specific sequence and structural features in RNA (1) . Double-helical regions provide a target for enzymatic cleavage and can be formed through long-range or short-range intramolecular base pairing. Double-stranded (ds) RNA structures also are created by antisense RNA binding to complementary RNA sequences, or by symmetric transcription of cellular or viral DNA. Moreover, many viral chromosomes are dsRNA molecules. Thus, dsRNA cleavage reactions are not only necessary for RNA maturation, function, and decay, but also may provide an antiviral strategy (2, 3) .
Ribonuclease III of Escherichia coli [EC 3.1.24] is a dsRNAspecific nuclease with important functions in cellular and viral RNA metabolism (2, 4, 5) . RNase III cleaves the primary transcript of the ribosomal RNA operons to provide the immediate precursors to the mature 16S and 23S ribosomal RNAs. RNase III also participates in the maturation of cellular and phage mRNAs and can control mRNA translation and half-life (2, 5) . RNase III is a homodimeric phosphodiesterase, cleaving substrate to create 5Ј-phosphate, 3Ј-hydroxyl termini. The only required cofactor is a divalent metal ion, preferably Mg 2ϩ . Substrate cleavage in vitro at physiologically relevant salt concentrations accurately reflects the in vivo cleavage pattern (2, 5, 7, 8) . Nucleases similar to RNase III are present in all cells and perform similar functions, including ribosomal RNA maturation (2, 5, 6, 9) .
RNase III recognition and cleavage of its diverse substrates presents a puzzle. On the one hand, RNase III can efficiently degrade polymeric dsRNA of low sequence complexity, yielding short (12-15 bp) duplexes (7, 8) . On the other hand, cellular and viral substrates are precisely cleaved at one or two sites. Although most of these substrates display a Ϸ20-bp doublehelical structure within which cleavage occurs, the scissile bond(s) are not determined by the distance from one end of the double helix (10) . The role of RNA sequence in determining cleavage sites has been controversial. Although an earlier study noted weakly conserved sequences symmetric to the cleavage site (11) , any proposed involvement of sequence must be reconciled with the apparent sequence-nonspecific action of RNase III. We show in this report that Watson-Crick (W-C) bp sequence plays a critical role in the reactivity of RNase III substrates, but in an unanticipated manner.
MATERIALS AND METHODS
Materials. RNAs were synthesized in vitro by using T7 RNA polymerase and DNA oligonucleotide templates and purified by gel electrophoresis as described (10) . Internally 32 P-labeled RNAs (Ϸ5,000 dpm͞pmol) were prepared by including [␣-32 P]UTP in transcription reactions, and 5Ј-32 P-labeled RNAs (Ϸ7 ϫ 10 6 dpm͞pmol) were prepared by treating dephosphorylated RNA with T4 kinase and [␥-32 P]ATP. RNase III and the [Glu117Lys] RNase III mutant were purified as described (12) .
RNA Cleavage Assays. Cleavage assays were performed as described (13) . Briefly, 32 P-labeled RNA and RNase III were combined in potassium glutamate buffer, and reactions (37°) were initiated by adding 10 mM MgCl 2 . So that initial cleavage rates would reflect changes in K m or k cat , enzyme and substrate concentrations (Ϸ10 nM and Ϸ50 nM, respectively) were below the K m for R1.1[WC] RNA cleavage, which was Ϸ1 M (data not shown). Reactions were analyzed by gel electrophoresis, and initial velocities were determined by radioanalytic imaging (AMBIS).
RNA Binding Assays. RNase III binding to substrate was measured by a gel shift assay as described (10, 12 (12) , then electrophoresed in a 6% polyacrylamide gel containing Tris⅐borate⅐EDTA buffer supplemented with 10 mM MgCl 2 . KЈ D values were determined as described (12) . Because some dissociation of the RNA-protein complex occurred during electrophoresis, the amount of free (unbound) RNA was measured, which was used to calculate the bound fraction.
RESULTS
To assess the involvement of RNA sequence in substrate reactivity we aligned 10 well-characterized RNase III substrates (see Fig. 1 legend) . Fig. 1 A provides the frequency of each W-C bp at positions ϩ1 to Ϫ12 relative to the cleavage site. The alignment reveals deviations from random sequence at positions Ϫ4, Ϫ5, and Ϫ6 (hereafter termed the ''proximal box''), and at Ϫ11 and Ϫ12 (''distal box''). In particular, the proximal and distal boxes are distinguished by the near or complete absence of specific sequences. Thus, the proximal box lacks GC͞CG at position Ϫ5, with GC underrepresented at positions Ϫ4 and Ϫ6, whereas the distal box lacks UA and CG at positions Ϫ11 and Ϫ12, respectively. The positiondependent exclusion of sequence is statistically significant (P Ͻ 0.05). The position-specific exclusion of specific W-C bp prompted the question of whether the presence of these sequences can affect cleavage of substrate. We examined the effects of bp substitution on the cleavage of a variant of the T7 phage R1.1 RNase III substrate (Fig. 1D ). The R1.1 substrate occurs between T7 genes 1 and 1.1 and is precisely cleaved within the internal loop, thereby separating the two coding sequences and providing a hairpin at the 3Ј end of the gene 1 mRNA (16) . To avoid potential complications imposed by the internal loop in interpreting cleavage rates we used R1.1[WC] RNA ( Fig. 2A ), which possesses a fully base-paired structure, and which is efficiently cleaved in vitro at the two indicated sites. The first set of R1.1[WC] RNA variants contained proximal and͞or distal boxes fully substituted with the disfavored bp. All of the variants exhibit reduced cleavage rates, ranging from 3-fold (var-5) to Ͼ1,000-fold (var-6) lower than that for R1.1[WC] RNA (Fig. 2) . In contrast, substitution of CG͞GC bp for the four AU͞UA bp spanning the cleavage sites does not inhibit cleavage (Fig. 2, var-7) .
The inhibitory effects of box substitution are cumulative, as R1.1[WC] RNA variants with a single substituted box (Fig. 2 , var-1, -2, -3, and -5) are more reactive than the variant with two substituted boxes (var-4), which in turn is more reactive than the triply substituted RNA (Fig. 2, var-6 ). The two variants containing either a single substituted distal box or an upper proximal box (var-2 and var-5) exhibit equal loss of reactivity (Fig. 2) . However, the greater inhibitory effect of a substituted upper proximal box than a substituted lower proximal box (Fig.  2 , compare variants 1 and 5) indicates an asymmetric interaction of RNase III with substrate, which also was noted in a deletion analysis of R1.1 RNA (10). The bp substitutions do not shift the cleavage site, as autoradiographic overexposure reveals comigration of the variant RNA 5Ј-end-containing and 3Ј-end-containing products with the corresponding cleavage products of R1.1[WC] RNA (data not shown).
The inhibition of cleavage could reflect interference with RNase III binding. Alternatively, binding may occur, but the cleavage step is inhibited. To distinguish between these possibilities we carried out gel shift assays on the R1.1[WC] RNA variants, by using the [Glu117Lys] RNase III mutant, which can bind substrate in the same manner as wild-type enzyme but cannot catalyze cleavage (5, 12) . Under conditions where R1.1[WC] RNA efficiently binds the RNase III mutant, the poorly cleaved substrates exhibit greatly weakened or undetectable binding (Fig. 3A) . There is a strong correlation (r ϭ 0.985) between cleavage rates (V i ) and binding affinities (KЈ A ), wherein the cleavage rate extrapolates to zero as all binding affinity is lost (Fig. 3B) . Thus, the disfavored W-C bp weaken RNase III binding rather than inhibiting the cleavage step.
Is complete W-C bp substitution within the proximal or distal box required for maximal inhibition of cleavage? Within the distal box, the two single bp substitutions are less inhibitory than double substitution (Fig. 4A , compare variants 8 and 9 with variant 2). In the proximal box, however, substitution of CG in the middle position (variant 10) inhibits comparable to substitution of all three bp (variant 1). Although double (19) , and the RNase III operon transcript 5Ј-leader (20, 21) . Each substrate provided two sequences for alignment, reflecting a two-fold symmetry about the cleavage site (11, 12) . The cleavage site is indicated by vertical arrowhead between Ϫ1 and ϩ1. The data represent the number of times (n ϭ 20) each W-C bp occurs at positions ϩ1 to Ϫ12. Position Ϫ12 represented the duplex limit for most substrates. P values from a Chi squared analysis also are provided. The significance of the disfavored A and U at positions Ϫ1 and Ϫ2, respectively, and the preferred C at Ϫ2 are not known, but may reflect specific sequence requirements for a structured asymmetric internal loop in a number of the substrates (22) . The preference for CG at Ϫ6 is not known. substitutions in the proximal box are more inhibitory in general than single bp substitutions (Fig. 4A , compare variants 14-16 with variants 10-13), there is no clear correlation of sequence with reactivity, suggesting the inhibitory effects are sequence context-dependent (see also below).
The inhibitory action of the disfavored W-C bp may be because of alteration of R1.1[WC] RNA secondary structure. To examine this possibility, 5Ј- (Fig. 2 A) , the binding affinity of variant 2 was assumed to be similar to that for variant 3. The weak binding affinities of variants 4 and 6 prevented KЈD determination.
variants were probed with RNase T2, which cuts within unstructured regions, and with RNase V 1 , which cuts within helical regions (24) . No differences were observed between the cleavage patterns of R1.1[WC] RNA and its variants, all of which display RNase T2-sensitive tetraloops and RNase V1-sensitive stems (data not shown). We conclude that the W-C bp substitutions do not cause significant changes in the hairpin structure of R1.1[WC] RNA.
Transfer RNAs contain antideterminant (AD) sequences that block recognition by noncognate aminoacyl-tRNA synthetases or elongation factors (25, 26) . We noted a similarity of the disfavored sequence in the proximal box (CSC͞GSЈG, with S ϭ G or C; and SЈ complementary to S) (Fig. 1B) with the selenocysteine (Sec)-tRNA Sec AD sequence (CGC͞GUG), which blocks elongation factor Tu (EF-Tu) binding (26) . The tRNA Sec AD also strongly inhibits RNase III action, as an R1.1[WC] RNA variant that contains the AD sequence in the upper proximal box (Fig. 4B, var-17 ) exhibits a 330-fold lower cleavage rate compared with the parent RNA. This inhibition is substantially greater than that imposed by any other proximal box substitution. Similar to the other disfavored bp substitutions, and similar to its action on EF-Tu, the transplanted tRNA Sec AD inhibits RNase III binding (data not shown). Importantly, an R1.1[WC] RNA variant with the AD positioned between the proximal and distal box is as reactive as the parent substrate (Fig. 4B, var-20) . Thus, tRNA Sec AD inhibition (and by inference the other disfavored bp) reflects a localized interference with RNase III binding rather than a global perturbation of R1.1 RNA structure, which would be AD position-independent. The G⅐U pair is a primary inhibitory feature of the AD, as the variant with a CGC͞GCG sequence (with the underlined C representing the change) exhibits only a Ϸ6-fold lower cleavage rate than the parent substrate (Fig. 4B, var-18) . However, the G⅐U inhibition is most pronounced within the context of the AD, as single substitution of G⅐U in the proximal box middle position (AGG͞CUU; var-19) causes only a Ϸ5-fold decrease in cleavage rate. There are no clear similarities between the primary sequences of RNase III and EF-Tu that would suggest a common mechanism of inhibition by the tRNA Sec AD.
DISCUSSION
We have shown that specific W-C bp sequences at defined positions within a model RNase III substrate can inhibit enzymatic cleavage in vitro. The control of dsRNA cleavage by bp sequence is unprecedented among known ribonucleasesubstrate recognition mechanisms (27) and provides a mechanism by which RNase III can cleave cellular and viral substrates in a site-specific manner. We propose that RNase III recognizes its substrates by directly binding the proximal and distal box helices. These interactions are indicated by (i) a significant drop in cleavage reactivity upon deletion of the R1.1 RNA distal box (10); (ii) proximal and distal boxlocalized phosphodiesters whose ethylation interferes with RNase III binding, and ribose residues that are protected by RNase III from hydroxyl radicals (12) ; and (iii) the inhibition of cleavage by mutations that disrupt W-C base pairing in the proximal box (28, 29) . Furthermore, this report has shown that RNase III binding is inhibited by the presence in the proximal or distal box of disfavored W-C bp, as identified through sequence alignment. The unequal inhibitory effects of the GC and CG bp in the middle position of the proximal box suggests (30) incompatible RNA-protein interactions localized to the major groove, which apparently are absent with either AU or UA in the same position. However, it is also possible that RNase III does not interact with functional groups in either groove, but is sensitive to subtle structural changes in the sugar-phosphate backbone caused by one or more disfavored bp. † We propose that the inhibitory W-C bp represent RNase III antideterminants, and that these elements play a key role in selecting the cleavage site. Thus, the presence of antideterminants at specific sites in a substrate can block cleavage of otherwise reactive phosphodiesters, with the scissile bonds selected (by default) through the absence of antideterminants within the corresponding proximal and͞or distal box positions. The additional imposition of an internal loop can constrain cleavage to one phosphodiester (2, 8) . Examination of other possible cleavage sites in R1.1[WC] RNA reveal one or more antideterminant bp within the positions corresponding to the proximal or distal box (Fig. 2 A) ‡ . Although this report has described only the inhibition of substrate cleavage in vitro, antideterminant bp apparently inhibit RNase III action in vivo: whereas a transcript containing the T7 R1.1 sequence is efficiently cleaved at the canonical site in vivo, there is no detectable cleavage of a transcript containing the R1.1 sequence substituted with antideterminant bp (W. Liao and A.W.N., unpublished data). The control of RNase III action by W-C bp sequence does not constrain RNase III cleavage of polymeric dsRNA: the lack of conserved sequences within (as well as outside of) the proximal and distal boxes correlates with the efficient cleavage of dsRNA of low sequence complexity, and the occurrence of multiple cleavage sites within antisense RNA-target RNA duplexes (e.g., see ref. 11). The ''relaxed'' specificity toward these substrates may reflect a key role of RNase III in dsRNA turnover, which originally may have involved the degradation of viral RNA replicative intermediates and restricting genetic exchange at the RNA level (2, 4, 5) .
Bulges, loops, and mismatches can block RNase III cleavage of substrate (e.g., see ref. 34 ). However, these motifs perturb doublehelical structure, which may be required for proper function of the RNA. W-C bp antideterminants can confer protection from RNase III without disrupting secondary structure. For example, the E. coli 4.5S RNA, the T7 RNA polymerase transcription terminator (T), and the E. coli rrnB operon T1 transcription terminator contain W-C bp stems 15-20 bp in length, which are functionally vital. However, these structures are not cleaved by RNase III in vivo (16, 35, 36) . Examination of the dsRNA sequences reveal potential cleavage sites that are masked by antideterminant bp. Bacterial RNA processing antideterminants can be expanded to include 5Ј-and 3Ј-end secondary structures (e.g., see refs. 37 and 38), which together with internal sequences can control cleavage by cellular ribonucleases, many of which exhibit substantial nonspecificity in isolated form (39) . W-C bp antideterminants may control the action of other dsRNA-binding or dsRNA-modifying proteins, including the eukaryotic dsRNA adenosine deaminase, which exhibits little apparent specificity with long dsRNAs (40) , but edits cellular and viral RNAs with high precision (41) .
